The intrinsic kinetics of biogas methanation coupling with water gas shift over Repromoted Ni bifunctional catalysts were investigated in this study. The catalysts were prepared through co-impregnation of Ni and Re precursors on the H2O2-modified manganese sand. The experiments were performed in a fixed bed reactor under the assorted reaction conditions of 300-400 °C, 0.1-0.3 MPa, and a 0.6-1.0 H2/CO ratio. The effect of gas internal and external diffusion on the performance of methanation coupling with water gas shift was examined by changing catalyst particle size and gas hourly space velocity (GHSV) and further verified by the Weisz-Prater and Mears criterion, respectively. It was found that the internal and external diffusions were eliminated when the catalyst particle size was 12-14 meshes and GHSV was 2000 h −1 . Three kinetics models including the empirical model (EM), synergetic model (SM), and independent model (IM) were proposed, and 25 sets of experimental data were obtained to solve the model parameters. By mathematical fitting and analysis, it was discovered that the fitting situation of the three kinetics models was in the order of EM > SM > IM, among which EM had the highest fitting degree of 99.7% for CH4 and 99.9% for CO2 with the lowest average relative error of 8.9% for CH4 and 8.7% for CO2. The over 30% of average relative error for CO2 in IM might exclude the possibility of the LangmuirHinshelwood water gas shift mechanism in the real steps of biogas methanation coupling with water gas shift over Re-promoted Ni catalysts.
Introduction
The demand for substitutes of traditional fossil energy has been increasingly urgent because of its continuous depletion and the austere environmental problems. Biomass is considered as one of the most promising energy candidates since it is renewable, eco-friendly, as well as massive in production. It is estimated that the potential worldwide biomass energy in 2050 will be between 25 × 10 9 -76 × 10 9 BOE (barrels of oil energy equivalent) [1] . In the case of China, according to the research conducted by Shi, the total current traditional biomass feedstock is about one billion metric TCE (tons of standard coal equivalent) [2] . The conventional routes to employ biomass are diverse, including combustion to produce heat, pyrolysis to extract bio-oil, and gasification to obtain biogas [3] . Particularly under the background of rapid urbanization in China, converting biomass to biogas by means of gasification is of both social and economic significance, as it not only can supply centralized gas for urban residents, but also could largely reduce the dependence on fossil fuels [4, 5] .
Due to the issues of high CO content and low heating value, the biogas needs to be upgraded before it is finally transported to downstream users via pipelines. Water gas shift (Equation (1)) is an efficient technical method to reduce the CO content in biogas, and the methanation reaction (Equation (2) ) is able to increase the heating value by producing CH4. As a result, the above two reactions are frequently applied in the upgrading process of biogas into urban gas [6] [7] [8] . Traditionally, the two reactions are individually catalyzed by their specified catalyst (water gas shift catalyst and methanation catalyst). If integrating these two reactions into one unit, the upgrading process will be simplified and the cost of equipment will be reduced [9] . In other words, the key factor of the ideal integrated unit for methanation coupling with water gas shift is the bifunctional catalyst, which is capable of catalyzing methanation and water gas shift simultaneously.
CO + H O → CO + H ∆H = −40.6kJ/mol (1) CO + 3H → CH + H O ∆H = −206.1kJ/mol (2) The research on the dual-functional catalyst for methanation coupling with water gas shift has been continuously reported over the years. Yuan et al. prepared the SiO2 supported Ni-Ru bimetallic catalyst, which exhibited an outstanding synergistic effect on methanation and water gas shift. The CH4 and CO2 selectivity under the condition of 593 K and 1 MPa could reach around 80% and 10%, respectively [10] . Mei combined Co and Ru together to obtain Co-Ru bimetallic nanoparticles for water gas shift. The highest CO conversion of 98.6% exceeding the thermodynamic equilibrium limit could be achieved over Co/RuO2/Al2O3 catalyst with Co/Ru = 1, mainly owing to the co-occurrence of methanation [11] . Apart from metallic catalysts, some novel non-metallic catalysts have also been investigated for methanation coupling with water gas shift. For example, Huo et al. [12] applied β-Mo2C into the process of methanation, and it was demonstrated that the catalyst could catalyze water gas shift at the same time. According to their 100-h stability test, the CH4 selectivity was maintained at 33.54% accompanied by 38.34% of CO2 selectivity. In our previous work [13, 14] , the Re-promoted Ni catalyst was also studied, and it was found that the addition of Re promoter could effectively enhance the synergistic performance for methanation coupling with water gas shift of biogas from both structural and electronic aspects. At the present stage, Ni-based catalyst is in fact the priority choice as an industrial catalyst considering its high activity and relatively low market price [15, 16] . The application of Ni-based catalyst is thus comprehensively more competitive in the process of biogas upgrading.
Catalytic science not only concentrates on the formula and activity of one specific catalyst, but also puts extra emphasis on its scale-up production in industry. In this case, intrinsic kinetics study under well-controlled conditions is crucial and inevitable as it provides important information for the understanding of the mechanism of the involved reactions [17] and meanwhile the simulation and choice of reactors [3] . The intrinsic kinetics of single methanation or water gas shift has been intensively studied principally by means of Langmuir-Hinshelwood adsorption equations [18] [19] [20] and empirical power-law models [21, 22] . For methanation reaction, the mechanism used for intrinsic kinetics study consists of the CO direct dissociative mechanism and the hydrogen associative mechanism [23] ; while in the case of water gas shift reaction, both regenerative and associative mechanisms are proposed in the intrinsic kinetics investigation [24] . However, the above-mentioned kinetic models are primarily confined to single reaction (methanation or water gas shift). It is inadequate and inappropriate to study the intrinsic kinetics of methanation coupling with water gas shift if the separate models are employed. Besides, to our best knowledge, relevant research on NiRe bifunctional catalyst is scarce. Hence, for the process of biogas upgrading, interpreting the promotion role of Re in the Ni-Re bifunctional catalyst from the perspective of intrinsic kinetics naturally becomes necessary and meaningful.
The present work was undertaken to investigate the intrinsic kinetics of biogas methanation coupling with water gas shift over Ni-Re bifunctional catalysts supported on H2O2 modified manganese sand [14] , which is abundant in nature and widely applied in the water treatment area. This novel mineral was first employed as catalyst support, and it was promising for industrial application due to its ample resources and easy access. The corresponding experiments were carried out in a self-designed fixed bed reactor. Three kinetics models including the empirical, synergetic, and independent models for methanation coupling with water gas shift were applied. In order to assess the accuracy of the obtained kinetic parameters, the calculated values were compared with the experimental results under varying operation conditions.
Results and Discussion

Internal/External Diffusion Elimination
The results of internal/external diffusion elimination tests are shown in Figure 1 . As can be seen in Figure 1a , the CO conversion, CH4 selectivity, and CO2 growth rate all increase when the catalyst particle size decreases from 8-10 meshes to 10-12 meshes, which indicates a languishing effect of internal diffusion on the catalytic performance of methanation coupling with water gas shift. After lowering the catalyst particle size below 12-14 meshes, there is a proximate platform on the changing curves of CO conversion, CH4 selectivity, and CO2 growth rate, which stabilizes at around 98.1, 22.3, and 23.4%, respectively. This effectively implies that the effect of internal diffusion is nearly dislodged [25] . The values of the Weisz-Prater criterion in Table S1 also directly prove the above conclusion. As shown in Table S1 , both the NW-P value of methanation reaction and water gas shift decrease with catalyst particle size. Specifically, the NW-P value of methanation is constantly below 0.3, while water gas shift is larger than 0.3 when the catalyst particle size lies in the range of [8] [9] [10] [11] [12] meshes. This indicates that the internal diffusion effect exists under such a particle size, which is in accord with the experimental results in Figure 1a . Besides, it can be deduced that the internal diffusion effect in the range of 8-12 meshes comes mainly from water gas shift. The NW-P values of both methanation and water gas shift under 12-18 meshes are smaller than 0.3 corresponding to the platform of the changing curves in Figure 1a . Therefore, the particle size of 12-14 meshes was chosen in the subsequent intrinsic kinetics measurements, under which the internal diffusion was considered to be eliminated. Figure 1b displays the effect of gas hourly space velocity on the performance of methanation coupling with water gas shift. As can be seen, the CO conversion, CH4 selectivity, and CO2 growth rate decreased with gas hourly space velocity at the 1000-2000 h −1 range and tended to be stable at 2000-3000 h −1 . The reducing CO conversion, CH4 selectivity, and CO2 growth rate in the range of 1000-2000 h −1 were due to depressed contact time between gas-phase reactants and solid-phase catalysts. In this case, the external diffusion effect is significant. While continuing to increase the gas hourly space velocity, the plateau on the changing curves of 2000-3000 h −1 demonstrates the marginal gas-solid interfacial resistance, which caused a negligible external diffusion [26, 27] . According to the calculation results of the Mears criterion in Table S2 , the NM value of methanation and water gas shift started to be lower than 0.15 from 1500-2500 h −1 , respectively. Thus, it appears that the external diffusion should be considered to be eliminated by at least 2500 h −1 . However, the Mears criterion belongs to the theoretical reference, which provides a rule to reckon, and the process of obtaining the NM value is not completely accurate because of some assumed parameters. Hence, on the basis of practical experimental results, gas hourly space velocity of 2000 h −1 was chosen in the subsequent intrinsic kinetics measurements, under which the external diffusion was considered to be eliminated.
Intrinsic Kinetic Models
The intrinsic kinetics of methanation coupling with water gas shift are expected to be influenced by many factors such as reaction temperature, total pressure and gas composition of both reactants and products. The results of intrinsic kinetics tests based on the orthogonal design in Table S3 using simulated biogas are summarized in Table 1 . For the calculative convenience of the following intrinsic kinetic models, the partial pressure of each component and the formation rate of two key products respectively representing methanation and water gas shift, CH4 and CO2, were also inventoried. 
Empirical Power-Law Model
The empirical power-law model was based on practical experience, which was not derived from any theoretical reaction mechanisms. Even so, the accuracy of this model is not necessarily inferior to those complex and fundamental expressions [22] . Its usefulness as a tool with simplicity has been demonstrated and also recommended in many research works such as the simulation of fuel processing reactors [28] and the determination of reaction kinetics parameters [29, 30] . The empirical power-law model for methanation coupling with water gas shift could be defined as the following equations [16, 22, 31] :
where r is the formation rate per volume of catalyst (mol s −1 cm −3 ), k 0 is the pre-exponential factor (mol s −1 cm −3 kPa -(a+b+c+d) ), E is the activation energy (kJ mol −1 ), R is the universal gas constant, which equals 8.314 J mol −1 K −1 , T is the reaction temperature (K), Pi is the partial pressure of component i (kPa), a, b, c, and d are the reaction orders of its corresponding component, β is described as a measure of the reversal water gas shift, and the contained Keq,WGS is the equilibrium constant of water gas shift, which could be calculated from the van't Hoff equation [32, 33] . The values of Keq,WGS under different reaction temperatures are summarized in Table S4 . The solution of model parameters requires the basic knowledge of the matrix, and the solving process was assisted by the MATLAB software (described in Section S5). The solved model parameters are listed in Table 2 . As can be seen, the reaction rate of methanation presented a positive correlation with CO and H2 because the increase in the partial pressure of these two reactants will cause their rising concentrations, thus further promoting the reaction. It is interesting to find that H2O has a positive influence on methanation because the introduction of H2O will accelerate the water gas shift reaction whose product is H2, the essential reactant for methanation. The same phenomenon will also be observed in the water gas shift reaction. Apart from the positive correlation of CO and H2O, the existence of H2 in the feed gas will promote water gas shift since it is also involved in the methanation reaction and produces H2O for water gas shift. From the analysis above, the mutually reinforcing effect can be clearly noted in the reaction process of methanation coupling with water gas shift, and such an effect has also been reported by Lim and his co-workers [34] . Besides, the negative role CO2 plays in the water gas shift suggests that it should take pretreatment for CO2 in biogas, which is in accordance with several industrial applications [35] [36] [37] . The methanation coupling with water gas shift contains two reactions, and they are influential on each other. To describe its mechanism, it is inadvisable to dissever these two reactions. As a whole, the methanation coupling with water gas shift lacks a thorough understanding in the synergetic effect; thus, their synergetic intrinsic kinetics model remains to be studied. However, Xu and Froment's [38] research on methane steam reforming and water gas shift over Ni catalysts provided some meaningful references for our work. In their work, the coexisting mechanism of methane steam reforming and water gas shift was proposed and the intrinsic kinetics model based on Langmuir-Hinshelwood adsorption equations was concluded. Considering methanation is the reverse reaction of methane steam reforming, the intrinsic kinetics model for methanation coupling with water gas shift does not demand any amendment and is simply modified by changing the plus-minus of the rate equation for methane steam reforming. The involved elementary reactions in the mechanism of methanation coupling with water gas shift are summarized in Table 3 , and the derived Xu and Froment intrinsic kinetics model is listed as the following equations, which have been employed and examined by several researchers [39, 40] . Table 3 . The elementary reactions involved in the mechanism of methanation coupling with water gas shift.
Number
Elementary Reaction Instruction 
where r (mol s Table S4 . The parameters of the synergetic model were also obtained through the nonlinear regression algorithm and displayed in Table 4 . It should be noted that the E1 value stands for the activation energy of steam methane reforming reaction rather than methanation reaction, which is comparable to that in the work of Xu and Froment (240.1 kJ mol −1) . However, the activation energy E2 of water gas shift is much lower than the reported value by Xu and Froment (67.13 kJ mol −1 ), which is a reflection of the promotion effect of Re on the Ni-based catalysts for methanation coupling with water gas shift. 
Independent Model
The veritable mechanism of methanation coupling with water gas shift over Ni-Re catalyst is still unknown, and the above synergistic model is on the basis of steam methane reforming, which may conclude both methanation and water gas shift reactions. However, it might also be worthwhile to try to employ the separate mechanism of methanation and water gas shift and combine them together to provide a model for intrinsic kinetics investigation. Though such an independent model cannot truly reflect the mechanism of methanation coupling with water gas shift, it is still of significance to use it to approach the fact. In addition, it is also meaningful to apply the independent model to measure the deviation between reality and theory. In this work, the dissociative methanation mechanism of Klose and Baerns [41] and the Langmuir-Hinshelwood water gas shift mechanism proposed by Ayastuy [42] were utilized as independent models to describe the process of methanation coupling with water gas shift, whose involved elementary reactions are listed in Table 5 . The final mathematical expressions for these two models are shown in the following:
where CH2 and C represent the free radicals that appear during the process of surface adsorption and other parameters have the identical meaning as in the above section. The parameters of these models were solved and are summarized in Table 6 . 
Model Validation and Comparison
In order to examine the qualification of the three selected intrinsic kinetics models, the predicted formation rates of CH4 and CO2, which represent two typical products in the methanation coupling with water gas shift, were calculated using the corresponding expressions and further compared to the experimental values. Every model was separately validated, and the results are shown in Figure 2 . As can be seen, the predicted rates fit the experimental values to some extent, and the experimental values were basically near the fitted curve. However, there still were some apparent differences between the models. The empirical model appeared to have the best degree of fitting for both methanation and water gas shift reactions, since it considered all the reactants and products in the feeding biogas (CO, H2, CH4, H2O, and CO2). As suggested by Loc [43] , the empirical model can approach the kinetics by not demanding to judge unambiguously the slow step of the reaction, which makes it easier to find the mathematic relationship between reaction rates and reactants. Nevertheless, the limitation of the empirical model is also obvious. It is simply a power-law equation that is not based on any mechanism, so it cannot reflect any key components in the expression. For the synergetic model, the fitting results were to some extent satisfactory. Though this model was originally proposed by Xu and Froment for analyzing the steam methane reforming coupling with water gas shift over Ni-based catalysts, it still shows adaptability to the methanation coupling with water gas shift in this work. The deviation may come from the difference in reaction conditions. In this work, the reaction temperature and pressure were in the range of 300-400 °C and 0.1-0.3 MPa, which were lower than the employed reaction temperature of 675-1000 K and pressure of 30 bar in Xu and Froment's research. It is considered by many researchers that the reaction conditions have a significant impact on the kinetics models, and every kinetic model is confined to its certain reaction conditions [43] [44] [45] . As for the last independent model, the fitting situation for CH4 and CO2 is diverse. Judging from the distribution of the experimental values, the formation rate fitting curve for CH4 was more compact than that for CO2, implying that the dissociative methanation mechanism might be more suitable than the Langmuir-Hinshelwood water gas shift mechanism to describe the process of methanation coupling with water gas shift. Because the independent model is merely a combination of separate mechanisms, it cannot be assured that this model is appropriate, and from the results of the parity plots, the water gas shift mechanism should be replaced by a more precise model. Figure 2 . Parity plots of the formation rate of CH4 and CO2 for methanation coupling with water gas shift using three kinetic models.
To quantitatively measure the deviation degree of experimental values and to compare the three intrinsic kinetic models more directly, the average relative error (ARE) was applied (Equation (14)), and the fitting situations of CH4 and CO2 formation rates using three models were integrated in one parity plot (Figure 3) . The fitting degree (FD) of the three models was also calculated using Equation (15) and displayed in Figure 4 , where ri exp and ri pre denote the experimental and predicted formation rate, respectively. As can be seen in Figure 3 , the three models presented various discrete situations. Generally, the empirical model possessed the lowest average relative error among three proposed models, which was 8.9% for CH4 formation rate and 8.7% for CO2 formation rate. This indicates that the empirical model had a certain general adaptability to diverse reaction conditions. Due to its simple mathematic expressions, the empirical model neglects the actual mechanism of reactions and merely creates a linear relationship between reactants and reaction rates. For the synergetic model and independent model, the fitting situation was the opposite. The average relative error of CH4 formation rate for the synergetic model was larger than that for the independent model (20.6% vs. 15.3%), while the average relative error of CO2 formation rate was the reverse (20.9% vs. 34.5%), which implies that both models have flaws. As discussed in the above paragraph, the reaction temperature and pressure in this work were relatively low for the synergetic model. However, from the perspective of statistics, around 20% of average relative error is acceptable, which cannot exclude the possibility of the synergetic mechanism that occurs in the methanation coupling with the water gas shift. The 34.5% of average relative error and 91.8% of fitting degree in Figure 4 for CO2 formation rate in the independent model suggest that the Langmuir-Hinshelwood water gas shift mechanism may be unsuitable to explain the real steps of water gas shift over Re-promoted Ni catalysts in this work.
Materials and Methods
Catalyst Preparation
The preparation of Ni-Re catalysts supported on H2O2 modified manganese sand was divided into two steps. The first step was the modification of the raw manganese sand with H2O2 reagent. Specifically, the raw manganese sand was first washed by deionized water and dried in a drying stove. Then, the obtained manganese sand was placed in a 500-mL beaker and mixed with 0.1 mol/L H2O2 solution, after which the mixture was kept in a water bath at 80 °C for 4 h and dried overnight. The modified manganese sand (MMS) particle was further ground into 80-100 mesh powder as the final catalyst support, which is denoted as H2O2-MMS. The second step was the loading of Ni and Re on the H2O2-MMS support by the co-impregnation method. In detail, a precalculated amount of Ni(NO3)2 and NH4ReO4 solution was first mixed with H2O2-MMS support and maintained in a water bath at 60 °C for 10 h. After drying, the catalyst precursor was transferred into a muffle furnace and calcined at 400 °C for 5 h. The obtained sample was ground into powder and subsequently compressed into tablets for further use. By this time, the as-prepared catalyst was marked as Ni-Re/H2O2-MMS with the 15 wt % Ni and 1 wt % Re designed content.
Reactor System
A schematic diagram of the three-unit experimental apparatus including gas feeding, gas reaction, and gas analysis is shown in Figure 5 . The mass flow rate of inlet gas with the required composition was controlled and measured by a set of mass flowmeters (Sevenstar Co., Ltd., Beijing, China). All the reactant gases were of 99.99% purity (Shangyuan Co., Ltd., Nanjing, China). A peristaltic pump was applied to generate a steady flow of deionized water while an evaporator was used to vaporize the water for steam production. In order to avoid steam condensation, the stainless steel tube connecting the evaporator and the reactor was wrapped with a heating belt, which was heated at around 200 °C. The fixed bed reactor constructed from stainless steel tube possessed an inner diameter of 50 mm and a length of 1000 mm. The catalyst sample was packed in the middle of the reactor tube sustained by a stainless steel shim. For temperature controlling, a K-type thermocouple was inserted inside the catalyst bed while a pressure gage welded in the top flange and a backpressure valve in the outlet pipe were employed to observe and control the inner reaction pressure, respectively. The outlet gas after reaction was first dehydrated in a cold trap and further deeply removed of moisture by silica gel. For the convenience of gas analysis, the outlet gas was collected in an air bag. The composition of outlet gas was then analyzed by a gas chromatography (Shimadzu GC2018, Kyoto, Japan), which was equipped with a packed column and a molecular sieve column using He as the carrier gas. The separated gas component was accurately detected by a TCD and FID detector, and its corresponding signal was recorded in a workstation for further calculation. 
Intrinsic Kinetics Measurements
Inlet Biogas Composition and Operating Conditions
The inlet biogas investigated in this study was specifically composed of a low H2/CO ratio (H2/CO ≤1), which might be encountered in the actual biomass gasification process using various feedstock (e.g., microalgae, wood sawdust, wheat straw, and rice straw) and gasifying agents (e.g., water, CO2, and oxygen-enriched air) [46] [47] [48] [49] . In this case, the dry base of inlet biogas composition included an alterable 0.6-1.0 H2/CO ratio, as well as fixed 12% CO2 and 8% N2. The additional steam mixed with the dry inlet biogas was strictly controlled to give a constant H2O/CO molar flow ratio of 1:1. Table 7 summarizes the entire inlet biogas compositions. In terms of operating conditions, reaction temperature and pressure were chosen as two influential parameters, which ranged from 300-400 °C and 0.1-0.3 MPa, with an interval of 25 °C and 0.05 MPa, respectively. The elimination of internal diffusion was practiced by changing the particle size of the catalysts and meanwhile maintaining the catalyst bed volume and gas hourly space velocity. A reaction condition of 350 °C, 0.2 MPa, and 2000 h −1 was employed, and the H2/CO ratio of feed biogas was chosen to be 0.8. As for the catalyst packing quantity, 30 mL of catalysts were utilized to evaluate the catalyst activity. The overall catalyst activity of methanation coupling with water gas shift could be reflected by the conversion of CO (XCO), the selectivity of CH4 (SCH4), and the growth rate of CO2 (RCO2) expressed by Equations (16)- (18), where F stands for the molar flow of the inlet and outlet species (mol s −1 ). Five parallel comparative tests using catalysts with different particle sizes (8-10, 10-12, 12-14, 14-16 , and 16-18 meshes, shown in Figure S2 ) were conducted to select the suitable catalyst particle size, under which the internal diffusion could be neglected. The elimination of internal diffusion was verified by the Weisz-Prater criterion (Equation (19)) [50] , where r denotes the reaction rate per volume of catalyst (mol s −1 cm −3 ), R is the catalyst particle radius (cm), Cs is the reactant concentration at the particle surface (mol cm −3 ), and Deff is the effective diffusivity (cm 2 s −1 ).
The elimination of external diffusion was practiced by changing the gas hourly space velocity while keeping the catalyst volume and their particle size as constant in the meantime. When performing the experiments, 30 mL of catalysts with 12-14 meshes were employed, and a reaction condition of 350 °C and 0.2 MPa was inflicted. Like the above experimental design of internal diffusion elimination, the H2/CO ratio of feed biogas was also set as 0.8. Another five parallel comparative tests under different gas hourly space velocities (1000, 1500, 2000, 2500, and 3000 h −1 ) were carried out to choose a proper gas hourly space velocity, under which the external diffusion was negligible. The elimination of external diffusion was verified by the Mears criterion (Equation (20)) [51, 52] , where r refers to the reaction rate per volume of catalyst (mol s −1 cm −3 ), R is the catalyst particle radius (cm), n is the reaction order, kc is the mass transfer coefficient (cm s −1 ), and Cb is the concentration of reactant in the bulk phase (mol cm −3 ).
Intrinsic Kinetics Test Procedure
According to the results from the experiments of internal/external diffusion elimination, the catalyst particle size and gas hourly space velocity were determined to be 12-14 meshes and 2000 h −1 , respectively. The reasons for choosing the above particle size and gas hourly space velocity are discussed in the Results and Discussion Section 2.1. To examine whether the stainless tube would have a catalytic effect on the feeding gas, a blank test was carried out, and no significant change in the gas composition was observed within the range of selected reaction conditions in this study. Afterwards, 30 mL of catalysts were carefully placed in the reactor tube as the catalyst bed. For a typical intrinsic kinetics measurement, the catalysts were initially reduced under 450 °C for 4 h using a pure H2 stream with a gas hourly space velocity of 1000 h −1 . After the reduction was completed, the catalyst bed was cooled to the desired temperature under a N2 stream and then switched to the reaction gas mixture with a certain composition. All the reaction cases were designed by the orthogonal experimental method and are listed in Table S3 .
Conclusions
The intrinsic kinetics of biogas methanation coupling with water gas shift over Re-promoted Ni catalysts were first investigated under a wide range of reaction conditions, including various biogas H2/CO ratios, temperatures, and pressures. Before the intrinsic kinetics tests, a couple of experiments were designed to examine the influence of internal and external diffusion on the catalyst performance by changing the catalyst particle size and gas hourly space velocity, respectively. According to the Weisz-Prater criterion, the internal diffusion was considered to be eliminated when the catalyst particle size was 12-14 meshes. In addition, the external diffusion was negligible when the gas hourly space velocity was 2000 h −1 based on the Mears criterion. Three kinetics models including the empirical model, synergetic model, and independent model were proposed to clarify the intrinsic kinetics of methanation coupling with water gas shift. Twenty five cases in total were employed to obtain the corresponding parameters for the three models, among which the empirical model had the highest 99.7% fitting degree for CH4 formation rate and 99.9% fitting degree for CO2 formation rate. The around 20% of average relative error for the synergetic model is acceptable to some extent, which implies the possibility of a synergetic mechanism occurring in the methanation coupling with water gas shift. However, it seems that the Langmuir-Hinshelwood water gas shift mechanism might be unsuitable because of its relatively larger average relative error between the predicted and experimental values.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1: Figure S1 : MATLAB solving results of the empirical model; Figure S2 : Pictures of the prepared catalysts with different particle sizes; Table S1 : The parameters of the Weisz-Prater criterion at various catalyst particle sizes; Table S2 : The parameters of the Mears criterion at various gas hourly space velocities; Table S3 : Orthogonal array; Table S4 : Equilibrium constant of methanation and water gas shift under different reaction temperatures. 
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